[1] The zonal wave number 3 planetary wave with about a 2 day period is a recurrent wave feature in the mesosphere and lower thermosphere (MLT). The quasi 2 day wave (QTDW) exhibits strong seasonal variability with peak amplitudes after summer solstice. In late January and early February, satellites also discovered two strong enhancements of the QTDW in meridional wind, one peak at summer midlatitudes near 90 km and the other in the tropical lower thermosphere. For the first time, this double-peak characteristic of the QTDW meridional component is numerically investigated by the National Center for Atmospheric Research (NCAR) thermosphere-ionosphere-mesosphere-electrodynamics general circulation model (TIME-GCM) with the QTDW forcing prescribed at the lower model boundary and explained by the combined effect of baroclinic-barotropic instability and Rossby normal mode. Baroclinic-barotropic instability is capable of amplifying the QTDW, manifesting as Eliassen-Palm (EP) flux divergence in the summer mesosphere. Without the direct contribution from baroclinic-barotropic instability, the simulated QTDW response in a lower thermosphere temperature and horizontal wind resembles that of the (3, 0) Rossby-gravity normal mode. In the summer middle atmosphere, the wave amplitude grows substantially, like an internal wave in the regions of large refractive index. As the wave amplitude growth ceases near the mesopause, where the zonal wind reverses direction, the QTDW reaches its maximum amplitude, displaying an enhanced meridional component in the tropical lower thermosphere. Several new aspects on the QTDWs in the MLT were also revealed. Compared with a prior model run, the propagation of the QTDW can also be prohibited by a self-generated critical layer in a strong thermospheric easterly wind. In addition, a direct contribution from the migrating diurnal tide to the QTDW amplitude in the MLT is found. This is largely attributed to the change of the background zonal wind caused by the tide, thus leading to the increase of the QTDW refractive index in the summer middle atmosphere.
Introduction
[2] The quasi 2 day wave (QTDW) is a robust and recurring planetary wave phenomenon in the middle and upper atmospheres. It often occurs with a westward propagating zonal wave number 2 or 3 and a period of about 2 days. The QTDW in the middle atmosphere has been detected using ground-based radars [e.g., Muller, 1972; Clark, 1975; Harris and Vincent, 1993] and satellites [e.g., Rodgers and Prata, 1981; Wu et al., 1993; Garcia et al., 2005; Limpasuvan et al., 2005] over the past decades. The wave amplitude usually maximizes after summer solstice. The QTDW in the Southern Hemisphere midlatitudes typically reaches the largest wave amplitude in the mesosphere around late January to early February. The meridional wind amplitude can be 50-60 m/s, two to three times greater than that of the zonal wind component, as observed from satellites. The maximum meridional wind amplitude of the transient QTDW at austral midlatitudes sometimes reaches 80-100 m/s with a duration of several days measured by ground-based measurement [Pancheva et al., 2006; Hecht et al., 2010] . When the QTDW dissipates, the background wind can be altered. With its substantial amplitudes, the QTDW can interact effectively with atmospheric tides and consequently modulate the amplitude of the tides in a period of near 2 days [Chang et al., 2011, and references therein] .
[3] A number of theories have been suggested to explain the seasonal-dependent amplification and propagation of the QTDW. Salby [1981c] proposed that the observed QTDW is a manifestation of the gravest Rossby-gravity normal (3, 0) mode of zonal wave number 3 with approximately a 2.1 day eigenperiod in a realistic background wind field. This elucidates the relative invariance of the observed period and spatial structure of the QTDW. The growth rate of the QTDW amplitude is enhanced in regions of weak easterly mesospheric wind because of the increased refractive index. Therefore, a relatively stronger response of the QTDW in meridional wind can be found in the summer mesosphere. An alternative theory proposed by Plumb [1983] suggests that baroclinic instability (i.e., induced by vertical shear or curvature) near the summer mesosphere easterly jet acts as a wave source, directly contributing to the rapid amplification of the QTDW. Plumb's theory was illustrated by a onedimensional model. Barotropic instability (i.e., induced by latitudinal shear or curvature) can also account for the source of the QTDW [Plumb, 1983; Andrews et al., 1987] . The QTDW extracts energy from the mean flow through the wave-mean wind interaction near the baroclinically/ barotropically unstable region. Numerical experiments and observations further supported this mechanism and found a strong correlation between the QTDW enhancement and baroclinic/barotropic instability [e.g., Pfister, 1985; Wu et al., 1993; Palo et al., 1999; Liu et al., 2004] . All in all, the QTDW peak in the summer mesosphere is the result of both the Rossby normal mode and the unstable mode, i.e., the QTDW is locally amplified by baroclinic/barotropic instability above the easterly jet and is in the form of the global normal mode [Randel, 1994; Callaghan, 2001, 2003] .
[4] In addition to baroclinic/barotropic instability and the normal mode, other factors have also been considered for influencing the amplification and propagation of the QTDW. Walterscheid and Vincent [1996] hypothesized that the rapid enhancement of the 48 h period phase-locked QTDW in the Southern Hemisphere was caused by the nonlinear resonant interaction between thermal tides and the QTDW. A proposed two-step process first generates a zonal wave number 6 wave by the nonlinear interactions of the QTDW and migrating diurnal/semidiurnal tides; then the wave number 6 component initiates the self-excitation of the phase-locked QTDW. QTDW activity has also been linked to inertial instability near the equator [Orsolini et al., 1997] . Inertial instability can possibly intensify the latitudinal gradient of the zonal wind and magnify barotropic instability in the summer hemisphere, which indirectly amplifies the QTDW. The seasonality of QTDW propagation can also be determined by the distribution of the waveguide of positive refractive index and the critical layer in which the wave phase velocity equals the background wind [Dickinson, 1968; Dickinson, 1970; Liu et al., 2004] .
[5] Along with the strong QTDW peak of the meridional wind in the summer mesosphere, satellite observations often detected an accompanying secondary enhancement of the QTDW meridional wind in the tropical lower thermosphere. Using the High Resolution Doppler Imager (HRDI), Wu et al. [1993] found a QTDW peak of 60 m/s in its meridional component around 100 km near the equator in January. Ward et al. [1996] presented WIND imaging interferometer (WINDII) results and showed the same equatorial QTDW peak of 20 m/s meridional wind around 115 km. The TIMED Doppler Interferometer (TIDI) meridional wind measurement onboard the Thermosphere-Ionosphere-MesosphereEnergetics and Dynamics (TIMED) spacecraft later confirmed the existence of such a QTDW peak in meridional wind near the equator in the lower thermosphere [Limpasuvan et al., 2005; Niciejewski et al., 2011] .
[6] This tropical QTDW peak in the meridional wind can also be reproduced in some numerical experiments [Palo et al., 1999; Chang et al., 2011] . It was attributed to in situ forcing by filtered gravity waves by Palo et al. [1998] and Jacobi et al. [2006] . However, there was no previous work focused on such a QTDW response in the lower thermosphere, nor was its mechanism carefully examined. We know that the lower thermosphere is an important layer to couple the neutral atmosphere with the ionosphere by means of the propagation and dissipation of gravity waves, tides, and planetary waves. Moreover, the dynamo electric fields and currents determined by the thermospheric wind system control the quiet time electrodynamics [Pancheva et al., 2006] . Strong horizontal wind perturbations induced by the QTDW in the thermosphere may initiate corresponding ionosphere variability with a period of about 2 days [Chen, 1992] . In recent studies, Yue and Liu [2010] and Niciejewski et al. [2011] also discovered that the large meridional wind component of the QTDW in the tropical lower thermosphere played a key role in the fast meridional transport of the Columbia Space Shuttle engine plume in January 2003. The aim of this paper is to investigate the nature of the two QTDW maxima in the mesosphere and lower thermosphere (MLT) using the National Center for Atmospheric Research (NCAR) thermosphere-ionospheremagnetosphere electrodynamics general circulation model (TIME-GCM). In particular, we examine if and how this thermospheric peak is affected by baroclinic/barotropic instability, normal mode, refractive index, critical line of the mean state, and tidal-QTDW interaction through the following numerical experiments.
The TIME-GCM and Numerical Experiments
[7] The NCAR TIME-GCM is a self-consistent, timedependent, three-dimensional model (http://www.hao.ucar. edu/modeling/tgcm/index.php). The TIME-GCM simulates the circulation, temperature, electrodynamics, and compositional structure from $35 km in the stratosphere to 500 km in the thermosphere, at a 5°Â 5°Â 0.5 scale height latitude/ longitude/altitude resolution. Gravity waves are parameterized using Lindzen's saturation scheme [Lindzen, 1981] . Monthly mean migrating diurnal and semidiurnal tides from the global scale wave model (GSWM) are forced at the lower model boundary. A detailed description of the TIME-GCM can be found in the work by Roble and Ridley [1994] . The TIME-GCM has been employed in the past to examine the QTDW morphology and seasonality in the MLT [Liu et al., 2004] , as well as tidal-QTDW-mean state interactions, owing to its nonlinear capability [Palo et al., 1999; Chang et al., 2011] . The dependence of the QTDW enhancement in the summer mesosphere upon baroclinic/ barotropic instability was demonstrated using the TIME-GCM [Liu et al., 2004] . Likewise, a TIME-GCM numerical simulation of the nonlinear interaction between the QTDW and the migrating tides was reported [Palo et al., 1999] .
[8] In this study, the background atmosphere of the TIME-GCM is set to perpetual late January and early February conditions (UT day 30) to achieve the maximum response of the QTDW [Wu et al., 1993; Liu et al., 2004] . Because the TIME-GCM is unable to spontaneously generate a QTDW, a zonal wave number 3 and 2 day period propagating planetary wave with 1000 m of geopotential height perturbation is forced at the lower model boundary for a standard run. A series of runs are conducted by varying the wave period from 44 to 56 h under the same background condition. The same lower boundary condition was also employed by Liu et al. [2004] to initiate the QTDW in the TIME-GCM. No other planetary waves or nonmigrating tides are forced. Figure 1 gives the corresponding latitudinal profile of this Gaussian-shaped perturbation in geopotential height (solid line). It peaks at 30°N and extends from 10°S to 70°N. The model perpetually runs for 30 days as UT day 30, and each day is numbered day 1-30 (note that these are not UT days). The QTDW forcing is applied starting on day 1 and stays constant until day 30. The QTDW response in the MLT reaches its maximum amplitude after 15 days and stabilizes afterward. Because the time evolution of the QTDW is not important for this study, the gravity wave forcing and Rayleigh friction in the TIME-GCM are preset to maintain a nearly constant background wind field, so that the large QTDW can be sustained throughout the model runs and does not turn itself off after a certain number of days. A reference run is performed with the same initial background but with no QTDWs forced at the lower boundary for the comparison presented in section 3.1. A few additional control runs are made to address different aspects concerning the QTDW response in the MLT. The second control run is designed to alter the zonal wind at middle and high latitudes in the summer mesosphere in order to remove the direct influence of baroclinic/barotropic instability on the QTDW, which will be discussed in section 3.2. A third control run, with the latitudinal structure of a Hough mode (3, 0) specified at the lower boundary, illustrates the nature of the QTDW as a Rossby normal mode in the lower thermosphere. A prior model run described by Liu et al. [2004] with a weaker easterly wind in the thermosphere is compared with the standard run in section 3.3 to demonstrate the effect of the lower thermosphere westward wind and the resulting critical layer on the QTDW propagating into the upper atmosphere. Two additional control runs are performed with and without the forcing of the GSWM migrating diurnal tide prescribed at the lower boundary to reveal the contribution of the tidal/QTDW interaction to the QTDW amplification. The responsible mechanism is discussed in section 3.4.
Results

Mean States and QTDW Responses in the MLT
[9] The zonal mean winds on day 20 (perpetual UT day 30) are shown in Figure 2 for the reference and standard runs, without and with the prescribed QTDW forcing at the lower boundary, respectively. In the reference run (Figure 2a) , the westward wind in the summer mesosphere approaches À40 m/s and the maximum eastward wind in the winter mesosphere is 60 m/s. The zonal wind switches direction around 90 km owing to parameterized gravity wave forcing. The wind field in the model is generally consistent with the satellite-observed zonal wind [e.g., McLandress et al., 1996] . The notable discrepancy is the westward wind near and above the winter mesopause (90-110 km): The satellite-observed zonal wind is often À10 m/s while the model westward wind approaches À40 m/s at 110 km. With the QTDW being forced in the lower boundary, the zonal wind field in the summer mesosphere and thermosphere is accelerated westward by $10 m/s, as can be seen in Figures 2a and 2b . This can be attributed to the dissipation of the westward propagating QTDW that exerts a westward body force on the mean flow.
[10] For the standard run, Figure 3 displays the amplitudes and phases of the QTDW in horizontal winds and temperature on day 20 after the QTDW response in the MLT is stabilized. The maximum wave amplitude of meridional wind (40 m/s) is twice as large as the zonal component. One peak of the meridional wind perturbation approaching 40 m/s occurs at the summer midlatitudes near 90 km, while another peak of 40 m/s is at low latitudes near 100 km. This spatial structure and the magnitude of the QTDW meridional wind are similar to previous satellite results observed in late January and early February [Wu et al., 1993; Limpasuvan et al., 2005; Niciejewski et al., 2011] . The QTDW temperature in the TIME-GCM displays an inverted wedge-like shape downward to 40 km in the summer hemisphere as well as a weaker peak of the QTDW near 100 km in the winter hemisphere. This structure is also consistent with the Microwave Limb Sounder (MLS) and Sounding of the Atmosphere Using Broadband Emission Radiometry (SABER) satellite observations [Limpasuvan et al., 2005; Palo et al., 2007] . Overall, the spatial structures of the QTDW amplitude in the MLT in the TIME-GCM reproduce observational results under postsolstice background conditions, though the QTDW amplitude in the northern stratosphere is unrealistically large because of the QTDW forcing mechanism applied at the winter lower boundary. This large QTDW forcing in the stratosphere is partly to compensate for the unrealistic numerical damping above the lower boundary in order to yield realistic QTDW responses in the MLT. Moreover, a previous work has demonstrated that the influence of this large QTDW amplitude in the stratosphere on the QTDW response in the MLT is minimal [Chang et al., 2011] . Therefore, the large QTDW in the stratosphere does not affect our discussions and conclusions focused on the QTDW responses in the MLT. As shown in Figure 3 , the QTDW phase lines in horizontal winds show a transition from downward progression to being vertical around 110 km. The downward phase progression below 110 km implies upward energy flux carried by the QTDW, and the vertical phase line indicates that the wave becomes evanescent.
[11] To determine resonant response to the period of the specified QTDW, we conducted a series of runs by varying the periods of the prescribed perturbations from 44 to 56 h at the lower boundary. Figure 4 shows the QTDW meridional components under the same background condition and forcing amplitude as in Figure 3 . We can see that there is almost no QTDW response at 44 h in the MLT and a weaker QTDW response at 56 h compared to the response at 48 h in Figure 3 . The QTDW of the 52 h period is slightly stronger than that of 48 h. This is in agreement with the QTDW eigenperiod of 2.25 days (54 h) [Salby, 1981c] . This indicates that when the period (or wave number) deviates away from the eigenperiod of the (3, 0) normal mode, the wave dissipates faster and there will be no strong resonance response in the MLT. On the other hand, the refractive index (and thus the waveguide) and critical layer all depend on the wave period. Thus, the TIME-GCM supports a Rossby normal mode for nearly 2 days, as in the works by Palo et al. [1998 Palo et al. [ , 1999 , Liu et al. [2004] and Chang et al. [2011] . We should point out here that the resonant response of the QTDW is sensitive to the mean state of the whole atmosphere. Because the TIME-GCM has a lower boundary at $30 km, the peak response period can be somewhat different from the whole atmosphere response.
[12] Following the works by Salby [1981a Salby [ , 1981b Salby [ , 1981c , Plumb [1983] , and Andrews et al. [1987] , the influence of the mean field on the propagation, source, and sink of the QTDW can be quantified by the waveguide, critical line, and baroclinic/barotropic instability. The necessary condition for baroclinic/barotropic instability is the negative meridional gradient of the quasi-geostrophic (QG) potential vorticity (PV) q, defined as [Andrews et al., 1987] 
where W is the angular velocity of the earth rotation,f is latitude, a is the Earth's radius, u is the zonal mean zonal wind, f is the Coriolis parameter,r is the air density, N is the Brunt-Vaisala frequency, and z is the log-pressure height.
The second term on the right-hand side is related to barotropic instability and the third term is for baroclinic instability. We should note that the necessary condition for instability is derived for a quasi-geostrophic system on a beta plane, with specific boundary conditions. The potential temperature is constant at the rigid horizontal boundaries or perturbation energy is reflected at infinity [Charney and Stern, 1962] , which is not the case for the TIME-GCM. However, following the argument by Plumb [1983] , because the lower and upper boundaries of the TIME-GCM are at $30 and 500 km, respectively, they are far away from the instability in the mesosphere and their influence is negligible. It should also be noted that the negative QG PV gradient is used here as only one criterion for instability. The divergence of the Eliassen-Palm (EP) flux is examined to study actual wave amplification.
[13] The QG refractive index n for the QTDW can be calculated as [Andrews et al., 1987] 
Here, c is the QTDW phase speed, k is the zonal wave number, and H is the scale height. The QTDW is evanescent where n 2 < 0 and propagating for positive n 2 . The QTDW propagation is prohibited from critical layers where the wave phase velocity c equals the background zonal wind u.
[14] Another type of instability under consideration is inertial instability occurring near the equator. Inertial instability satisfies the condition:
where Ri is the Richardson number. It was suggested that inertial instability might play an indirect role in the QTDW enhancement by amplifying the latitudinal gradient of the PV and the corresponding barotropic instability [Orsolini et al., 1997; Limpasuvan et al., 2000; McCormack et al., 2009] . [15] Diagnostic wave parameters on day 20 for the reference run and the standard run as functions of latitude and height are illustrated in Figures 5a and 5b , respectively, which indicate latitude/height distributions of baroclinic/ barotropic instability, waveguide, critical layer and inertial instability. The blue solid lines at high latitudes in the summer mesosphere denote ∂ q=∂f ¼ 0; and the region poleward of the blue line is the baroclinically/barotropically unstable layer. This unstable region is underneath the jet reversal in the summer mesosphere in Figure 2 . A waveguide (inside solid black line) with positive n 2 extends from the lower atmosphere into the thermosphere at low latitudes. In the summer mesosphere, a portion of the waveguide stretches poleward toward the baroclinically/barotropically unstable segment at high latitudes. This "tongue" also possesses increased refractive index values when approaching the critical layer (equation (2)). The critical line (dashed line) at summer high latitudes is enclosed by the baroclinically/ Figure 3 . (left) QTDW amplitudes and (right) phases in degrees of (top row) zonal wind, (middle row) meridional wind, and (bottom row) temperature as functions of latitude and height in the TIME-GCM on day 20 for the standard run. The interval is 5 m/s in winds and 2 K in temperature.
barotropically unstable layer. A critical layer inside a baroclinically/barotropically unstable flow satisfies the necessary condition for the wave overreflection; under this scenario, waves propagating toward the critical line can be reflected and amplified [Lindzen and Tung, 1978; Liu et al., 2004] . Comparing Figures 3 and 5b , the enhancement of the QTDW in meridional wind at summer midlatitudes is located right above the baroclinically/barotropically unstable layer. Contrary to this, the tropical lower thermosphere maximum of the QTDW meridional component is not near any baroclinically/barotropically unstable regions. The inertially unstable segments (yellow area) can be found on the winter side of the equator in the stratosphere/mesosphere and on the summer side in the lower thermosphere. In the next section, We will further examine whether inertial instability directly affects the QTDW enhancement.
[16] In the case with the QTDW, the westward acceleration on the mean wind driven by the QTDW dissipation forms an evanescent region (n 2 < 0) bounded by a critical layer above 110 km in Figure 5b . This prevents further upward propagation of the QTDW into the thermosphere. It matches with the spatial structure of the thermospheric QTDW amplitudes and phases in Figure 3 : The QTDW is weak in amplitude, and its phase lines are vertical above this critical layer at $110 km. We discuss the effect of this selfgenerated critical layer in detail in section 3.3.
[17] The interaction between the mean state and the QTDW can be quantified by the Eliassen-Palm (EP) flux (F) and the EP flux divergence (r Á F) [e.g., Lieberman, 1999; Liu et al., 2004] . The EP flux is defined as [Andrews et al., 1987] v′, w′, and q′ are the QTDW (zonal wave number 3 and 48 h period) perturbations in zonal wind, meridional wind, vertical wind, and potential temperature, respectively. The EP flux is normalized by the air density to visualize the QTDW throughout the whole atmosphere. The EP flux divergence is calculated in tendency as r Á F/(r 0 acosf) in m s À1 day À1 . In Figure 6a , the normalized EP flux grows substantially in the summer extratropical mesosphere. Above 100 km, the EP flux points toward the equator horizontally because at 90 km between 20°S and 60°S n 2 becomes negative. The EP flux tends to flow toward regions with larger refractive indices. There is a strong positive EP flux divergence zone at 85 km and 60°S, right above the baroclinically/barotropically unstable layer (see Figure 5b) . This exhibits the strong correlation between baroclinic/ barotropic instability and QTDW enhancement, and baroclinic/ barotropic instability serves as an auxiliary source for the QTDW [e.g., Plumb, 1983; Liu et al., 2004] . There are two other EP flux divergence zones in the equatorial region, one near 80 km and another near 110 km. This is discussed further.
Relations Among QTDW, Baroclinic/Barotropic Instability, and Normal Mode
[18] In the second control run, the mean zonal wind is altered by enlarging the Rayleigh friction and reducing the gravity wave forcing in the summer hemisphere in the TIME-GCM, as shown in Figure 7a . Figure 7b displays the distribution of refractive index, baroclinic/barotropic instability, critical layer, and inertial instability calculated from Figure 7a . Compared with that of the standard run (Figures 2b and 5b) , the eastward wind near the summer mesopause is weakened and the waveguide is isolated from the baroclinically/barotropically unstable region in Figure 7b . The wind field in the Northern Hemisphere is kept nearly the same. As a result, for the second control run, the QTDW in the MLT is unlikely to be amplified by baroclinic/barotropic instability in the summer high latitudes because it is detached from the waveguide. Figure 8 gives the QTDW amplitudes and phases on day 20 for the second control run. Compared with the QTDW in the standard run (Figure 3) , without the auxiliary source of baroclinic/ barotropic instability, the midlatitude peak of the QTDW meridional component in the summer mesosphere is absent, while the tropical lower thermosphere peak remains. In the MLT, the QTDW responses in temperature and horizontal winds become more symmetric about the equator. Figure 6b shows the corresponding EP flux and EP flux divergence for the second control run. Along with the QTDW peak of meridional wind in the summer mesosphere, the strong EP flux divergence zone above the baroclinically/barotropically unstable layer vanishes. Meanwhile, the two other zones of EP flux divergence on the south flank of the equator at 80 and 110 km that existed in Figure 6a are also removed in Figure 6b , while the inertially unstable segment in the lower thermosphere vanishes and the region in the mesosphere remains near the equator (Figure 7b ). This implies that the EP flux divergence zone near the equator in Figure 6a may not be critical to the dominant QTDW at low latitudes. Since the inertially unstable region in the stratosphere and mesosphere exist in both control runs (Figures 5b  and 7b) , it is not correlated to the EP flux divergence regions, which do not occur in the second control run. However, the inertially unstable region in the lower thermosphere may be correlated with the two EP flux divergence regions near 80 and 110 km in summer subtropics. Without the divergence of the EP flux, likely an indicator of the absence of additional wave sources, the QTDW meridional component in the lower thermosphere approaches 50 m/s, even stronger than that with the additional wave source of baroclinic/barotropic instability. Also, the peak over the equator occurs at a slightly lower altitude ($90 km). Therefore, this control run demonstrates that the QTDW enhancement in the tropical thermosphere is not caused by baroclinic/barotropic or inertial instability. The mechanism of how the inertially unstable region in the lower thermosphere and associated EP flux divergence zones contribute to the QTDW will be numerically explored in future work.
[19] From Figure 8 , we can see that the latitudinal structures of the QTDW near 100 km resemble the third Rossbygravity normal mode, or a Lamb wave, in a windless, isothermal atmosphere (refer to Figure 2 of Salby [1981c] ), in the absence of baroclinic/barotropic instability. The meridional wind component has a peak near the equator, and the zonal component and temperature have nodes at the equator and maxima at midlatitudes. The seasonal dependence of the QTDW response in the lower thermosphere can be interpreted using refractive index n 2 [Salby, 1981c]. The growth rate of the QTDW amplitude is determined by its vertical wave number 1/2H À Im{k z }, where k z can be empirically estimated as [Salby, 1981a; Andrews et al., 1987] 
where k h 2 is the horizontal wave number squared. It is notable that k h 2 is different from the zonal wave number squared, k 2 , and includes the latitudinal wave number; therefore it cannot be explicitly determined. In a windless, isothermal atmosphere, the growth rate of a Lamb wave is k = 2/7. From equation (5), a greater value of n 2 can make k z 2 less negative or even positive; thus Im{k z } becomes smaller or zero, and, as a result, the wave growth rate is closer to or equals 1/2H, and the growth rate follows that of an internal (conservative) wave. From equation (2), in a strong westerly wind, n 2 may be still positive but smaller; consequently k z 2 may become negative and the vertical growth rate of the QTDW amplitude is reduced. On the other hand, in a weak easterly wind, as in the summer middle atmosphere, n 2 is increased; thus, Im{k z } becomes smaller and the vertical growth rate is enhanced and can be significantly greater than k/H, or even close to 1/2H [Salby, 1981a [Salby, , 1981c . From Figure 7b , we can see that the refractive index increases dramatically around 75-95 km at 0°S-40°S in the easterly wind. It is consistent with Figure 6b that the area where the normalized EP flux grows rapidly is also above 75 km and at summer low and middle latitudes. Because this large n 2 segment is thicker and closer to the equator compared with that in Figure 5b , the lower thermosphere QTDW peak in meridional wind near the equator (Figure 8 ) is $10 m/s stronger compared with that of the standard model run result in Figure 3. [20] To further elucidate that the QTDW enhancement in the lower thermosphere is just a response of the wave number 3 Rossby-gravity normal mode under postsolstice conditions, we performed another control run. In this third control run, the lower boundary QTDW forcing of the Gaussian function is substituted with a (3, 0) normal mode field in latitude. In Figure 1 , the dashed line displays the (3, 0) normal mode latitudinal structure in geopotential height, with a maximum amplitude of 80 m. The same type of boundary condition was also applied by Palo et al. [1999] and Chang et al. [2011] to excite QTDWs in the TIME-GCM. Despite very different lower boundary forcing profiles, identical spatial features of the QTDW response in the MLT (Figure 8 ) are seen in Figure 9 , albeit slightly smaller in amplitude. Therefore, the QTDW response in the MLT is quite independent of the latitudinal distribution of the initial disturbance applied at the bottom model boundary. Although the amplitude of the Gaussian perturbation is more than 10 times greater than that of the Hough mode perturbation, the amplitudes of the QTDW components in the MLT are comparable. This is because the imposed Gaussian disturbance in the model must first project itself to the (3, 0) Rossby normal mode response in the stratosphere. In addition, the waveguide in the stratosphere (Figure 7b ) is located at low latitudes and the large refractive index zone is in the summer hemisphere. The QTDW forced by the Gaussian disturbance at winter midlatitudes needs to follow the lowlatitude waveguide to the region with a large refractive index. The comparison made between Figures 8 and 9 also reveals that the strong QTDW-mean state interaction in the stratosphere (existing in Figure 8 , but not in Figure 9 ) does not affect the QTDW response in the MLT, as was discussed in section 3.1 and by Chang et al. [2011] .
[21] In both Figures 8 and 9 , the wave amplitudes in the summer MLT are still greater than their counterparts in the winter hemisphere, even without the direct contribution from baroclinic/barotropic instability. This interhemispheric difference originates from the background wind structures, which leads to a larger refractive index layer in the summer mesosphere, where the vertical growth rate is maximized, as shown in Figure 7b . Therefore, the spatial QTDW structure in the MLT is a manifestation of both the latitudedependent vertical growth rate and the normal mode projected onto the entire globe.
[22] With the (3, 0) normal mode being well represented in the MLT, the QTDW growth rate can now be investigated in detail. Figure 10 plots the vertical profile of the QTDW meridional wind amplitude at the equator. The exponential growth rate below 70 km is close to kz/H (dotted line), which is consistent with the Lamb wave solution in a windless background. Between 70 and 90 km, the rate becomes z/2H and behaves more like an internal wave [Talaat et al., 2001 ]. As mentioned above, 70-90 km is the height range within which the refractive index is large in the summer hemisphere in Figure 7b . Considering the growth rate as 1/2H À Im{k z }, once k z 2 is positive with large-enough n 2 , Im{k z } approaches zero and the growth rate becomes 1/2H. This again shows that a large-enough refractive index can enhance the wave amplitude growth and make the QTDW behave like an internal wave rather than a Lamb wave.
[23] It is worth mentioning that all of the QTDW components in Figure 9 below 85 km (approximately below 12 scale heights) are very similar to the corresponding components in Figure 8 of Salby [1981c] , both under postsolstice wind conditions, even with very different numerical models employed. In Salby's work, the latitude-height structure of the zonal wind shows peaks at midlatitudes in both hemispheres, with the QTDW peak in the Southern Hemisphere being larger. The maxima of the meridional components are near the equator and slightly shifted toward the Southern Hemisphere, similar to those in this study. There is a strong QTDW response in temperature in the Southern Hemisphere, similar to that of the zonal component. All of these features are common for both works. There are smaller peaks in meridional wind and temperature at higher latitudes in the summer hemisphere in the work by Salby [1981c] . They can be attributed to the auxiliary source of baroclinic/barotropic instability not being removed. Because the mesopause wind jet was not included and winds were simply set to zero above the mesosphere jet in Salby's numerical experiment, the amplification that is due to baroclinic/barotropic instability was certainly weaker but not excluded. Thus, the midlatitude peaks became weaker than those of model results, with mesopause jets being included in this paper (e.g., compare with Figure 3) . A similar comparison can be made with those of the work by Hagan et al. [1993] .
[24] In summary, the easterly wind structure in the summer middle atmosphere has two distinct effects on the QTDW in the MLT. The latitudinal and vertical gradients of the wind form baroclinic/barotropic instabilities that serve as an auxiliary wave source. This directly contributes to the enhancement of the QTDW meridional component at summer mesosphere midlatitudes. The easterly wind also increases the refractive index in this region, thereby enhancing the amplitude growth rate of the QTDW propagating through it. This leads to a maximum response of the QTDW above this layer in the lower thermosphere. For the meridional wind component in a (3, 0) Rossby normal mode, the peak appears in the tropical lower thermosphere. In a realistic atmosphere, these two effects from the easterly wind in the summer mesosphere occur concurrently. Therefore, from the satellite observations, we often see a double-peak feature in the QTDW meridional component during summer postsolstice seasons.
QTDW and Critical Layer in the Lower Thermosphere
[25] We now consider the dissipation of the QTDW in the thermosphere. It was reported that molecular diffusion damps the QTDW substantially above 100 km, just as in the case of any other planetary-scale waves [Hagan et al., 1993] . Besides molecular diffusion, the critical layer formed from the dissipation of the QTDW itself in the lower thermosphere can obscure its upward propagation (see Figure 5b ). The QTDW exerts westward acceleration on the lower thermosphere wind during its dissipation. This in turn can produce a critical layer for the wave propagation. To elucidate this effect, we include the model results from a prior TIME-GCM control run discussed by Liu et al. [2004] and Yue and Liu [2010] . This run starts from a weaker and more realistic easterly wind of $À20 m/s in the thermosphere, as shown in Figure 11a . The same Gaussian latitudinal distribution of the QTDW forcing in Figure 1 is implemented at the lower boundary. Figure 11b gives the distribution of the refractive index, baroclinic/barotropic instability, and critical line for this case. Even though the dissipation of the QTDW accelerates the wind, the easterly jet in the thermosphere is not too strong and no critical layer is formed. Thus, with the same molecular diffusion coefficient specified in the model, the QTDW in meridional wind (Figure 11c ) extends much higher into the thermosphere compared with that of Figure 3 . The same extended vertical penetration can be found in the zonal wind and temperature components as well (not shown). The phase in zonal and meridional wind shows downward progression in the thermosphere (Figure 11d) , as opposed to the vertical phase lines denoting evanescence in Figure 3 . Overall, a weaker background easterly wind in the thermosphere allows the QTDW to penetrate vertically into higher altitudes.
QTDW and Tides
[26] Other than baroclinic/barotropic instability and Hough mode response, the sudden enhancement of the QTDW in the Southern Hemisphere can also be attributed to the interaction between the QTDW and the migrating tides, referred to as the phase-locking process [Walterscheid and Vincent, 1996] . The mechanism is as follows: First, the QTDW with the 48 h period (1/2, 3) interacts with the migrating diurnal tide (1, 1) to generate a westward wave number 6 secondary wave (1, 6), following the relations [Walterscheid and Vincent, 1996] 1=2; 3 ð ÞAE 1; 1 ð Þ→ 3=2; 4 ð Þ; À1=2; 2 ð Þ ;
In the parentheses, the first number is the frequency in cycles per day (cpd) and the second is the zonal wave number. The negative sign indicates eastward propagation. Then the QTDW interacts with the (1, 6) tide to amplify the QTDW itself, as
Because the TIME-GCM is able to characterize the tidal-QTDW interactions owing to its nonlinearity [Palo et al., 1999; Chang et al., 2011] , we examine how this tidal-QTDW interaction contributes to the total QTDW response in the MLT. Two additional control runs using the TIME-GCM are conducted under identical initial backgrounds, one with the migrating diurnal tide forced and the other with no migrating diurnal tide at the lower boundary, with the same prescribed QTDW at the lower boundary. Note that there is still a migrating diurnal tide included in the TIME-GCM excited from stratospheric ozone heating, albeit with much weaker amplitudes [Hagan, 1996] . Figure 12 compares the amplitudes in meridional component of the QTDW, migrating diurnal tide (1, 1), westward tide (1, 6), secondary waves (3/2, 4) and (À1/2, 2) on day 20 for those two scenarios. It can be observed that after the migrating diurnal tide is removed, the summer hemisphere QTDW peak in meridional wind decreases by 5 m/s and the tropical lower thermosphere maximum is reduced by $10 m/s. On the other hand, there is very little change (<2 m/s) of the (1, 6) wave in the MLT, comparing Figures 12e and 12f . The first-order nonlinear interaction between the QTDW and the migrating diurnal tide takes place and results in two secondary waves, (3/2, 4) and (À1/2, 2), as shown in Figures 12g and 12i , following equation (6). However, since the amplitudes of these two secondary waves are not strong, the (1, 6) wave generated from their interaction is quite weak. Regardless of whether there is a migrating diurnal tide induced in the model, the (1, 6) component above the source of the QTDW at northern midlatitudes is always substantial. This is likely due to the self-interaction of the QTDW itself [Walterscheid and Vincent, 1996] . Additionally, the (1, 6) wave is not present in a reference run (not shown) without the QTDW but with migrating diurnal and semidiurnal tides forced. Nonetheless, the enhancement of the QTDW that is due to the nonlinear interaction between the QTDW and the migrating diurnal tide following the paths of equations (6) and (7) is not evident in our numerical experiments. We are aware that the (1, 6) wave was identified in some numerical experiments while the QTDW was strong [e.g., Palo et al., 1998; McCormack et al., 2010; Chang et al., 2011] . In our case, the (1, 6) wave is mostly generated by the self-interaction of the large-amplitude QTDW. This could be because the tides resolved in this work are too weak to support efficient nonlinear interactions in equation (6). Moreover, the TIME-GCM run with a prescribed 52 h period QTDW forced at the lower boundary results in a greater QTDW response in the MLT (Figure 4b ) than that with the 48 h period boundary condition in Figure 3 . The QTDW with the 52 h period violates equations (6) and (7), but it is closer to the eigenperiod ($2.25 days) of the (3, 0) Rossby-gravity mode [Salby, 1981b [Salby, , 1981c . Thus the resonant period of the QTDW is 52 h instead of 48 h. Nevertheless, the phase-locking mechanism is a subharmonic parametric instability that requires the QTDW being resonant at 48 h [Walterscheid and Vincent, 1996] . Thus, for our numerical experiment, the phase-locking process is not relevant to the enhancement of the QTDW.
[27] Chang et al. [2011] explicitly compute the linear and nonlinear advective tendencies to characterize the interaction between the migrating diurnal tide and the QTDW, finding that the linear advection tendencies were more significant in producing the tidal variability caused by the QTDW. Besides the first-order nonlinear interaction observed to generate the two secondary waves (3/2, 4) and (À1/2, 2), the addition of the migrating diurnal tide can also change the response of the QTDW in the MLT by altering the mean zonal wind fields by 5 m/s between 70 and 130 km. The altered mean zonal wind field can consequently change the magnitude of the refractive index n 2 . The difference of n 2 for the QTDW on day 20, between the scenarios with and without the migrating diurnal tide forced at the lower boundary, is displayed in Figure 13 . We can see a considerable increase of n 2 in the summer mesosphere when the migrating diurnal tide is imposed. As discussed earlier, an increase of n 2 leads to an increased growth rate of the QTDW amplitude, resulting in a greater QTDW response in the MLT, especially in the lower thermosphere. Most likely, the influence of the migrating diurnal tide on the QTDW can be attributed to both linear and nonlinear advection, the same as the QTDW upon the migrating diurnal tide. A similar but weaker effect can also be found in the migrating semidiurnal tide because the amplitude of the semidiurnal tide is smaller. To well represent the QTDW in the lower thermosphere, the contribution of migrating tides must not be ignored. An accurate representation of the tides in the model can lead to better-resolved QTDWs.
Discussion and Conclusions
[28] This paper provides an insight into how the QTDW propagates, amplifies, and dissipates in the stratosphere, the mesosphere, and, in particular, the lower thermosphere. The QTDW can be dramatically amplified locally by baroclinic/ barotropic instability in the summer mesosphere at midlatitudes. This additional wave source creates a strong peak of the QTDW, especially in meridional wind, in the summer mesosphere midlatitudes, thus obscuring the observations of a theoretical normal mode latitudinal structure in the realistic atmosphere. After the QTDW waveguide is moved away from baroclinic/barotropic instability, the spatial structure of the QTDW closely resembles the theoretical (3, 0) normal mode. The peak of the QTDW in meridional wind is located in the tropical lower thermosphere, and the maxima in zonal component and temperature are located at midlatitudes. The vertical growth rate of the QTDW increases substantially in the summer easterly wind, in which the wave refractive index is increased. Therefore, the QTDW amplitude grows considerably in the summer mesosphere and manifests itself as the normal mode. Given this, the wave amplitudes are slightly greater in the summer hemisphere. Therefore, the summer mesosphere easterly jet has two distinct effects on the QTDW: It creates a baroclinically/ barotropically unstable region at summer midlatitudes and simultaneously enlarges the QTDW refractive index, enabling the internal wave-like propagation into the thermosphere. Thus, baroclinic/barotropic instability and large refractive indices can often coexist simultaneously in the summer mesosphere. This creates a double-peak feature in the spatial structure of the QTDW meridional wind, one in summer mesosphere at midlatitudes and another one in the tropical lower thermosphere, as has often been observed by satellites after solstice. With the normal mode function of the QTDW in zonal wind and temperature maximizing at midlatitudes, the response is a mixture of that resulting from the normal mode and local amplification that is due to baroclinic/ barotropic instability.
[29] In addition to the normal mode and baroclinic/barotropic instability, the tidal-QTDW nonlinear interaction plays a minor but nonnegligible role to enhance the QTDW. As has been demonstrated by a number of model simulations and radar observations, the anticorrelation between the amplitudes of tides and QTDW is also seen in this paper. Without the migrating diurnal tide, the amplitude of the QTDW in the MLT is reduced by 10%-20%. The suppression of the migrating diurnal tide by the QTDW also occurs in the TIME-GCM. There are two mechanisms suggested to account for this phenomenon, the direct nonlinear interaction between the tides and QTDW [Walterscheid and Vincent, 1996] and the indirect interaction by means of the change of the mean state and the corresponding linear advection [Chang et al., 2011] . The two-step nonlinear interaction through the westward (1, 6) wave and the phaselocking process is not relevant to our results. The change in the mean winds induced by the migrating diurnal tide leads to a greater refractive index and, consequently, a faster growth rate of the QTDW amplitudes. This can enhance the QTDW response, particularly in the lower thermosphere. Most likely, the amplification of the QTDW with the migrating diurnal tide included in our simulations can be attributed to contributions from the linear advection, similar to the decay of the migrating diurnal tide during QTDW events [Chang et al., 2011] . In future work, we will explore the phase-locking mechanism when the QTDW is resonant at 48 h and the tides are large enough.
[30] Without the summer mesosphere QTDW peak in the second control run to modulate the propagation and dissipation of gravity waves, the in situ forcing by filtered gravity waves suggested by Palo et al. [1998] and Jacobi et al. Figure 13 . The difference of the refractive index (in km À2 ) between the runs with and without the migrating diurnal tide excited at the lower boundary.
[2006] becomes of minor importance in contributing to the lower thermosphere peak. Also, we observe no correlation between gravity wave forcing with a 2 day period and the QTDW response in the lower thermosphere in our numerical experiments (not shown).
[31] To facilitate further investigation of the QTDW impact in the thermosphere and ionosphere, we find that along with molecular diffusion, a critical layer formed from an initial strong easterly wind and the westward acceleration by the QTDW may obscure the QTDW from penetrating higher. A realistic thermosphere model wind is necessary to study the QTDW in that region. We can see some QTDWrelated variations in the ionosphere in the TIME-GCM (not shown), which have been reported before [e.g., Chen, 1992; Pancheva et al., 2006] . The mechanism of the QTDW coupling between the MLT and ionosphere will be addressed in future studies.
[32] As an initial motivation of this paper, the strong meridional wind peak of the QTDW in the equatorial lower thermosphere is critical for the space shuttle engine plume transport. Since most of the plume is released at $100-110 km and at a northern midlatitude, a strong meridional wind at that height is required to transport the plume from the Northern Hemisphere to the Southern Hemisphere across the equator [Yue and Liu, 2010] . A better understanding of the QTDW behavior in the lower thermosphere provides theoretical basis for future characterization of the fast shuttle plume transport.
[33] Since early 1980s, two proposed mechanisms of Rossby normal mode and baroclinic/barotropic instability [Plumb, 1983; Salby, 1981c] attempted to explain the spatial structure and seasonal variation of the QTDW. Along with some practical applications of this work, such as ionospherethermosphere coupling and tracer transport, the important implication of this paper is that these two mechanisms often work concurrently to control the propagation and amplification of the QTDW and are not exclusive to each other. The double-peak structure of the QTDW in meridional wind is the observational evidence supporting this combined effect.
